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Abstract 
 The first manifestations of low back pain are thought to be the result of 
degeneration of the intervertebral disc (IVD). There is surprisingly little known regarding 
the cellular composition and function of specific cell types within the nucleus pulposus 
(NP) of the IVD, particularly in models of degeneration. High-frequency, low-amplitude 
whole body vibration (WBV) is a form of mechanical stimuli that is currently used to 
treat a wide range of musculoskeletal disorders including osteoporosis, osteoarthritis and 
back pain. Recent data from the S-- Lab using a mouse model demonstrated that daily 
exposure to WBV results in degenerative changes to the intervertebral discs of the spine. 
Furthermore, the composition of the human NP changes with age; however, to date, no 
studies have been conducted to examine the origins of NP cells in older mice. To 
determine the fate of notochord cells in murine models of injury- and age-induced 
intervertebral disc degeneration, histological examination and molecular analysis were 
used to characterize the extent of degeneration and cell type. This study aims to better 
assess the changes in cellular composition of the IVD in response to injury and age, an 
important consideration in targeted therapeutic strategies to treat IVD degeneration and 
back pain. 
Background 
Low back pain is the second most common chronic condition in industrialized 
countries, with a lifetime prevalence of up to 84% (1). While the etiology of low back 
pain remains unknown, the first manifestations are thought to be a result of degeneration 
of the intervertebral disc (2). The physiological functions of the IVD include mechanical 
stabilization of the spine, load bearing during axial compression, and providing flexibility 
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to the spinal column. The IVD consists of the outer annulus fibrosus (AF), composed of 
bundles of type-I collagen fibers; the inner nucleus pulposus, composed of type-II 
collagen and proteoglycans; and the cartilage end-plates (CEP), which anchor the IVD to 
the adjacent vertebral bones. During degeneration of the IVD, there is a loss of 
proteoglycans which results in decreased osmotic pressure (3) and subsequent loss in disc 
height (4), which may lead to the pinching of nerves, especially resulting from changing 
mechanics of the facet joints in the three joint complex (5). Moreover, herniated discs 
may impinge on the sciatic nerve, exacerbating low back pain (6). Thus, IVD 
degeneration and changes in the extracellular matrix of the IVD account for a significant 
proportion of low back pain (7). 
The formation of the NP begins with an embryonic structure called the node, 
which goes on to form the notochord (8). During development, the notochord plays an 
important role as a signaling center that patterns the embryo, after which it undergoes 
segmentation and forms the central NP (9). The AF and vertebral bodies form from 
somatic mesenchyme surrounding the notochord during embryonic development (10). 
The NP is thought to be the site where degenerative changes are initiated in the IVD (11), 
and therefore is our focus for understanding cellular changes associated with disc 
degeneration. 
Although the NP has long been implicated in the initiation of disc degeneration, 
there is surprisingly little known regarding the cellular composition and function of 
specific cell types within the NP. The NP is composed of two cell types: smaller 
cartilage-like cells and larger notochord cells at birth. Notochord cells are thought to be 
important regulators of disc health providing signals that modulate the cartilage-like NP 
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cells. In the adult IVD, notochord cells protect NP cells through inhibition of caspase-9 
and -3/7 activities, the up-regulation of anabolic extracellular matrix genes such as 
aggrecan and collagen type 2, and the down-regulation of matrix degrading enzymes such 
as MMP-3 (12). Furthermore, the loss of notochord cells precedes disc degeneration. The 
role of notochord cells within the IVD is demonstrated by breeds of chondrodystrophic 
dogs (i.e. Dachshund, Bulldog), where the NP is gradually replaced by cartilage-like cells 
beginning at 3 months of age, and the dogs are prone to early IVD degeneration. 
Conversely, non-chondrodystrophic dogs (i.e. Golden Retriever, Border Collie) which 
retain their notochord cells as the predominant cell type of the NP throughout their lives, 
are generally more resistant to disc degeneration (13).  
There is evidence, however, that the morphological heterogeneity of cells within 
the NP reflects different cell stages, as opposed to different cell lineages (14). For 
example, notochordal cells are capable of proteoglycan production at a rate comparable 
to chondrocyte-like cells; other matrix protein expression analysis also further 
demonstrates a cartilage-like cell phenotype of notochordal cells, suggesting that they 
may act as progenitor cells (15). Furthermore, dynamic hydrostatic mechanical loading 
seems contribute to the transition from notochordal cells to cartilage-like cells in a 
porcine model (16). The origin of the morphological heterogeneity of cells within the NP, 
particularly the smaller cartilage-like cells, has not been definitively established. 
There are currently two conflicting models that explain the origins of the 
cartilage-like NP cells:  the niche-migration model and the notochord maturation model. 
The niche-migration model proposes that the smaller NP cells are of mesenchymal origin 
and migrate to the NP from the CEP. In this model, the notochord cells are proposed to 
	   5 
act as organizers directing the migration of mesenchymal cells and later undergo 
apoptosis (17). Cells from stem cell niches have been demonstrated to migrate to both the 
AF and NP in rabbit models (Figure 1 A) (18). Alternatively, the notochord maturation 
model hypothesizes that notochord cells are progenitors for all NP cells and undergo 
terminal differentiation to become cartilage-like cells (Figure 1 B) (19). Recent fate 
mapping experiments in mice using notochord-specific Cre recombinase expression 
driven by either Shh (20) or Noto (9)  promoters support the notochord maturation model. 
 
Research Project 
Objective: Determine the fate of notochord cells in murine models of injury- and age-
induced intervertebral disc degeneration.  
 
Rationale  
 Previous work in the S-- lab has demonstrated that all cells in the healthy NP are 
derived from the notochord (9). However, the cellular composition of the unhealthy 
(degenerated) NP has not been established. The NotoCre mouse model established by the 
S-- lab provides a unique opportunity to study the origins of NP cells in models of age or 
injury-induced degeneration by lineage tracing notochord-derived cells.  
S-- lab has also recently developed a model of injury-induced IVD degeneration 
using repeated exposure to low amplitude, high frequency whole-body vibration. In this 
model, healthy 10-week old mice were subjected to 30 minutes of WBV at 45 Hz, 0.3 g, 
0.72 mm vertical displacement for 5 days/week over 4 weeks. Histological evaluation 
revealed hallmark histological signs of disc degeneration, including increased 
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proteoglycan accumulation in the AF, fibrotic tissue in the NP, and the loss of 
demarcation between the AF and NP (21). Scoring of histological sections using the 
modified Thompson scale (22) demonstrated significant degenerative changes in the 
IVDs of mice exposed to WBV compared to non-vibrated sham controls (21).  
Injury-induced degeneration is of particular interest in light of recent studies 
suggesting that mesenchymal-like stem cells home to sites of injury in a mouse model of 
IVD degeneration (23). Furthermore, greater homing of human bone marrow-derived 
mesenchymal stem cells (BMSCs) in bovine IVDs has been demonstrated under 
degenerative conditions compared to “healthy” physiological conditions ex vivo (24). 
Generally, BMSCs delivered systemically have been shown to migrate to sites of injury, 
such as wound healing (25), bone defects (26), myocardial infarction (27), and ischemic 
cerebral injury (28). In light of the potential for BMSCs to migrate to sites of injury, 
including potentially the IVD, we used a model of injury that has been previously 
characterized to induce disc degeneration in mice to investigate the origins of cells in the 
NP. 
The second model of disc degeneration investigated in the current study was age-
induced degeneration. Human notochordal cells are reported to disappear from within the 
IVD between 4-10 years of age (29). The loss of notochord cells precedes an increase in 
degenerative changes in human IVDs (30). Previous work in the S-- lab demonstrated 
that all cells in the NP of mice up to nine months of age were notochord-derived, 
supporting the notochord cell maturation model (9). To date, no studies have been 
conducted to examine the origins of NP cells in older mice. This study investigated the 
NPs of mice aged to 12 and 21 months, at which point histological examination revealed 
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hallmark features of disc degeneration. Investigating the persistence of notochord cells in 
mice will ultimately lead to a better understanding of the validity of the interspecies 
extrapolation of findings from mouse models of spine research to humans.  
 
Hypothesis 
All cells of the NP will be of notochord origin in mouse models of age- and 
mechanically-induced disc degeneration. 
 
Experimental design 
Mouse model:  
The notochord-specific Cre mouse (NotoCre) was crossed with a conditional 
ROSA26 LacZ reporter mouse (Rosa26LacZ) (9). The NotoCre/+; Rosa26LacZ mouse 
expresses LacZ only following Cre-mediated excision of a STOP sequence upstream of 
β-galactosidase. Thus, the NotoCre/+; Rosa26LacZ mouse expresses β-galactosidase in all 
notochord-derived cells and can be used to trace notochord-derived cells in the IVD 
(Figure 2). 
 
Cohorts:  
Lumbar spine segments were harvested from NotoCre/+ ; Rosa26LacZ mice at 12 
months (n=4) and 21 months of age (n=3) or after exposure of 10 week-old mice to 
WBV, as described previously (45 Hz, 0.3 g, 30 min/day, 5 days/week , 4 weeks n=5, 
sham group n=4). Tail tissues were also harvested from NotoCre/+ ; Rosa26LacZ mice at 12 
months of age. 
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Safranin O/fast green staining 
In order to assess the presence/extent of disc degeneration in the IVD using 
histology, intact lumbar spinal segments (L1-L5) were stained with Safranin O/fast green 
to detect sulfated proteoglycans. Tissues were isolated and fixed in 4% 
paraformaldehyde. Spinal columns were decalcified for 4 days in Shandon’s TBD-2 
(Fisher Scientific) 5% EDTA in PBS (pH 7.0). Tissues were processed and embedded in 
paraffin. Spines were sectioned sagittally at a thickness of 5 µm using a microtome (Leica 
Microsystems). Using established protocols (31, 32), serial sections were stained with 
1.5% Safranin O/0.02% fast green. Slides were imaged on a Leica DM1000 microscope, 
with Leica Application Suite (Leica Microsystems). 
 
 
 
Whole mount staining 
In order to assess the presence of β-galactosidase in whole-mount vertebral 
segments, β-galactosidase staining was carried out using standard protocols (9). Tissues 
were fixed for in 0.2% glutaraldehyde/1% formaldehyde/0.02% Igepal in Phosphate 
Buffered Saline (PBS) at room temperature. Following 3 washes in PBS/0.02% Igepal (5 
min at room temperature), tissues were incubated in X-gal staining solution [5 mM 
K3Fe(CN)6/5 mM K4Fe(CN)6/2 mM MgCl2/1 mg/ml X-gal in PBS] overnight at room 
temperature on rocker. Tissues were then washed with PBS/0.02% Triton 3 x 5 min at 
room temperature and kept in PBS/0.02% Triton overnight to allow stain to develop. 
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Tissues were cryosectioned (Leica CM1850) in the transverse plane and slides were 
imaged on a Leica DM1000 microscope with Leica Application Suite. 
 
Immunohistochemistry (IHC) 
In order to visualize the cellular localization of β-galactosidase, lumbar tissues 
from all cohorts were stained using immunohistochemistry. Formalin-fixed tissues were 
decalcified for 5 days with gentle rocking, using Shandon TBD-2 decalcifier (Thermo 
Scientific) at a fluid-to-tissue ratio of 10:1. Following standard histological processing, 
samples were embedded in paraffin, and 5-micrometer thick serial sections were cut in 
the coronal plane. Sections were deparaffinized in xylene and rehydrated by successive 
immersion in descending concentrations of alcohol.  
For IHC, antigen retrieval was performed with 10 mM sodium citrate (pH 6.0) for 
12 minutes at 95°C. Slides were blocked by incubation for 1 hour with species-specific 
serum albumin (5%) in phosphate buffered saline plus 0.1% Triton X-100 (Sigma). The 
primary antibody directed against β-galactosidase (Abcam) was diluted 1:200 in PBST 
and incubated overnight at 4°C in a humidified chamber, followed by incubation with 
species-specific secondary antibody for 1 hour at room temperature (488–conjugated goal 
anti-rabbit IgG at a 1:200 dilution). Samples were mounted using Vectashield mounting 
medium with DAPI (Vector Laboratories). Species-specific isotype IgG controls were 
used to assess antibody specificity. Images (injury-induced degeneration: 2 discs per 
animal, 1 section per disc; age-induced degeneration: 3 discs per animal, 1 section per 
disc) were captured with a Zeiss Axio Imager.M1 fluorescence microscope using 
Northern Eclipse software. 
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The number of β-galactosidase positive cells per disc was counted for the above 
samples. The percentage β-galactosidase positive cells was averaged per mouse, then per 
cohort. An unpaired parametric t-test with Welch’s correction was performed. 
 
Results  
Whole mount staining was used to detect the presence of β-galactosidase, and 
thus, notochord-derived cells, in the IVD. Blue staining detects X-gal, which stains cells 
that are positive for β-galactosidase, demonstrating the localization of notochord-derived 
cells in the NP of the IVD (Figure 3). The β-galactosidase staining was detected in five 
of six NPs collected throughout the tail of the 12-month mice and was not detected in any 
tissue other than the NP. 
To assess degeneration within the IVDs, safranin O was used to detect sulfated 
proteoglycans and fast green was used as a counterstain. Hallmarks of IVD degeneration, 
such as proteoglycan accumulation in the AF, fibrotic tissue in the NP, and the loss of 
demarcation between the AF and NP, were detected more in mice following WBV than 
sham controls, and also detected in all 12- and 21-month old mice (Figure 4 A and 
Figure 6 A). 
In order to quantify the contribution of notochord cells to the population of cells 
in the NP in the injury-induced model of degeneration, immunohistochemistry was 
performed to localize β-galactosidase positive cells (Figure 4 B). In the mechanical 
loading-induced model of degeneration, sham control mice demonstrated 99.5 ± 0.3 % 
NP cells that were positive for β-galactosidase while mice subjected to WBV 
demonstrated  99.6 ± 0.3 % NP cells that were positive for β-galactosidase. There was no 
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significant difference between the sham and vibrated cohorts in the injury-induced model 
of degeneration (p = 0.7) (Figure 5). 
In order to assess the composition of the NP in our aging model of degeneration 
immunochemistry staining was likewise conducted on lumbar spine segments isolated 
from mice at 12 and 21 months of age (Figure 6 B). 12-month old mice had 91.2 ± 2.2 % 
NP cells that were positive for β-galactosidase; the 21-month old mice had 100.0 ± 0.0 % 
NP cells that were positive for β-galactosidase. There was a significant difference 
between the 12- and 21-month cohorts in the age-induced model of degeneration (p = 
0.03) (Figure 7). 
 
Discussion 
Lineage tracing of the notochord cells in the IVD using the NotoCre mouse 
demonstrated that both the notochordal cells and the cartilage-like cells of the healthy NP 
are notochord derived (9). To follow up on these studies we conducted Safranin O/fast 
green, whole mount, and IHC staining to determine whether all cells of the degenerated 
NP are still notochord-derived using 2 different models of disc degeneration. Our results 
from the whole mount staining validate the specificity of the NotoCre/+; Rosa26LacZ mouse 
model to trace notochord-derived cells in aged mice. The β-galactosidase stain was 
detected throughout five of six NPs, but nowhere else in the surrounding tissue, 
demonstrating the localization of notochord-derived cells to the nucleus pulposus of the 
IVD. At dissection, longitudal ligaments were left on the tail, over the IVD, to keep the 
tail tissue intact through the staining process (Figure 3 A); this may have interfered with 
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the whole-mount staining where the ligamentous tissue was thicker, resulting in one of 
six NPs not staining blue. 
To confirm that the conditions of age and injury did indeed result in disc 
degeneration in our mice, tissue sections were stained with Safranin O/fast green or 
hematoxylin and eosin. Histological examination demonstrated that the IVDs of mice in 
the vibrated cohort had more degeneration than those of the non-vibrated sham cohort in 
the injury-induced model of degeneration. Similarly, IVDs of 12-month mice and 21-
month mice also showed characteristics of disc degeneration. Thus, we validated that age 
and injury caused disc degeneration in our mice. 
In our injury-induced model of degeneration, all NP cells were found to be 
notochord derived, thus supporting the notochord-maturation model. These results are not 
consistent with the studies in which mesenchyme-derived cells were reported to home to 
sites of injury. Needle-puncture was the mechanism of injury in studies whose results 
support the aforementioned homing effect (23, 24). Puncturing the disc with a needle 
causes acute trauma and creates an entry point for cells that otherwise would not be 
present in the IVD (33). The mesenchyme-derived cells that were reported to home to 
sites of injury may actually have migrated due to the unfilled space created by the 
puncture. The WBV model of injury-induced degeneration does not result in such an 
artificial entry point for cells, and thus, may be a better model for investigating whether 
mesenchyme-derived cells home to site of injury. 
Furthermore, a study that transplanted bone marrow cells into mice with disc 
degeneration, induced through severe uneven loading by creating a loop in the tail, 
demonstrated that the migration of bone marrow cells was related to the severity of the 
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degeneration; even so, only a limited number of bone marrow cells migrated to the IVD, 
presumably because of its avascular nature (34). However, the needle puncture and the 
tail loop models of injury may not accurately recreate human disc degeneration, due to 
the artificial entry point and severity of uneven loading respectively. The WBV model is 
less drastic of an injury, and therefore, may be more appropriate for modeling the 
diseased state of disc degeneration. 
In the age-induced model of degeneration, not all NP cells are notochord-derived 
at 12 months of age, but all NP cells are notochord-derived at 21 months. These finding 
may suggest the migration of BMSCs into the NP prior to 12 months. Degenerative 
conditions ex vivo have been shown to induce the release of factors promoting BMSC 
recruitment (24). Inflammatory cytokines are thought to trigger the chemotactic 
migration of BMSCs through extracellular matrix structures (35). However, the higher 
proportion of notochord-derived cells in the older 21-month mice compared to the 12-
month mice is a counterintuitive observation if the source of the non-notochord-derived 
cells is from BMSC migration due to degenerative conditions. 
The experimental design did not test for the presence of mesenchyme-derived 
cells. Therefore, one cannot conclude that the non-notochord-derived cells in the NP of 
the 12-month mice are the result of BMSC migration. Although the presence of non-
notochord-derived cells does not necessarily support the notochord maturation model, the 
notochord-derived cells would have to stain positive for markers of mesenchymal cells to 
definitively support the niche-migration model. Furthermore, technical limitations, such 
as issues with the counterstain, mounting media, and nuclear imaging using DAPI, may 
have impeded the ability to quantify images. Investigating the origins of the non-
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notochord-derived cells in the NP and optimizing protocols to overcome the 
aforementioned technical limitations would be the priorities of future directions with this 
project. 
The results from the injury-induced model of degeneration compared to the age-
induced model demonstrate that the origins of the NP cells may differ between the two 
different models of degeneration. The loss of notochord cells precedes an increase in 
degenerative changes in human IVDs, which suggests that notochord cells may serve a 
protective function against disc degeneration (30). The hypothesized protective function 
of notochord cells makes sense in the context of the data from the 12-month mice, which 
show both degenerative changes in the IVD and the presence of non-notochord-derived 
cells. However, although there were significant degenerative changes in the IVDs of mice 
exposed to WBV compared to non-vibrated sham controls (21), the vibrated mice have 
same proportion of notochord cells compared to the non-vibrated mice. Thus, the 
degenerative changes due to WBV do not seem to result from the loss of a protective 
effect of notochord cells. This finding suggests that the pathway of degeneration might be 
dependent on the mechanism. If the natural process of aging versus external physical 
forces causes differences in the pathway of degeneration, clinical implications might 
include different therapeutic targets for low back pain according to cause. 
Alternatively, the fact that we did not control for the severity of degeneration 
between age and vibration groups may be responsible for the different results. 
Responsiveness to cytokines thought to mediate BMSC migration, such as transforming 
growth factor-β, interleukin-1β, and tumor necrosis factor-α, in the degenerative living 
human IVD can be different according to the degree of degeneration (36). This lack of 
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control between the two models of degeneration means that definitive conclusions cannot 
yet be drawn as to the significance of the different observations between the age-induced 
and injury-induced groups. 
 
Future Directions 
The surprising finding that there are non-notochord-derived cells at 12 months of 
age but not at 21 months is counterintuitive, and thus, bears revisiting using IHC co-
localization. Future directions include the IHC co-localization of β-galactosidase with 
cytokeratin 8, a notochord cell marker. Previous research in the S-- lab demonstrated the 
embryonic NP consisted of only cytokeratin-8 positive cells at embryonic day 17.5, 
suggesting that all cells maintain a notochord phenotype at that age. However, only a 
subset of the NP cells maintained cytokeratin-8 expression at 9 months of age, suggesting 
that not all cells of the NP retain a notochord phenotype in older mice (9). Comparing the 
cytokeratin-8 expression at older time points, such as 12 and 21 months, will allow a 
better understanding of the morphology of the NP over time. 
To investigate whether the non-notochord-derived cells are BMSC-derived, IHC 
co-localization staining of β-galactosidase and a marker of mesenchymal stem cells, such 
as platelet-derived growth factor receptor α (PDGFR-α) and stem cell antigen 1 (Sca-1) 
(37), can be performed. Performing IHC on serial sections would lead to a better 
understanding of composition of cells throughout the disc. For example, if BMSCs 
migrate into periphery of NP, but do not travel to middle of NP, then examining just one 
section will not yield a representative image of the whole disc. 
	   16 
An interesting observation to pursue would be the small pockets of β-
galactosidase positive cells in the CEP of two of four of the non-vibrated sham mice used 
in the injury-induced model of degeneration, visualized under IHC staining. We 
hypothesize that these pockets may be notochordal remnant cells that fail to integrate into 
the NP, and in rare cases, can form the basis for chordomas (38). We can stain for 
brachyury, an NP cell phenotype marker, to further investigate. 
 
Significance 
In the long term, a better understanding of the changes in cellular composition of 
the IVD in response to injury and age may enable targeted therapeutic strategies to treat 
IVD degeneration and back pain. A recent publication demonstrated that native porcine 
NP tissue directed differentiation of human induced pluripotent stem cells to notochordal 
cells (39). This study was a proof of concept for eventual regenerative therapies for disc 
degeneration. With such research in notochordal cells as a promising cell source for cell-
based therapy to treat IVD degeneration, there is an urgent need to understand of how 
notochordal cells act in degenerative disc. 
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Figure 1: Two conflicting models of the origins of the cartilage-like cells in the 
nucleus pulposus: the niche-migration model and the notochord maturation model. 
 
A. The niche-migration model proposes that the cartilage-like cells are of mesenchymal 
origin and migrate to the nucleus pulposus (NP) and the annulus fibrosus (AF) from stem 
cell niches (SN). Cells from stem cell niches have been demonstrated to migrate to both 
the AF and NP in rabbit models. Blue circles represent localization of detected migrating 
cells from the SNs. (Modified from Henriksson, et al. 2013).  B. The notochord 
maturation model hypothesizes that notochord cells (*) are progenitors for all NP cells, 
and undergo terminal differentiation to become the smaller cartilage-like cells (arrows). 
(Modified from McCann, et al. 2011). 
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Figure 2: The NotoCre/+; Rosa26LacZ mouse expresses LacZ exclusively following Cre-
mediated excision of a STOP sequence upstream of β-galactosidase. 
 
The notochord-specific Cre mouse (NotoCre) was crossed with a conditional ROSA26 
LacZ reporter mouse (Rosa26LacZ) (9). The NotoCre/+; Rosa26LacZ mouse expresses LacZ 
only following Cre-mediated excision of a STOP sequence upstream of β-galactosidase. 
Thus, the NotoCre/+; Rosa26LacZ mouse expresses β-galactosidase in all notochord-derived 
cells and can be used to trace notochord-derived cells in the IVD. 
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Figure 3: Whole mount staining of a tail IVD from a 12 month NotoCre ;Rosa26LacZ  
mouse.  
 
A. Representative image of transverse sections of caudal IVDs following whole mount β-
galactosidase staining where the CEP was left partially covering the NP. B. Tail tissues 
were sectioned transversely at a thickness of 5 µm. Blue staining detects X-gal, which 
stains cells that are positive for β-galactosidase, demonstrating the localization of 
notochord-derived cells in the nucleus pulposus of the IVD. β-galactosidase staining was 
detected in five of six NPs throughout the tail and was not detected in any tissue other 
than the NP. 
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Figure 4: Safranin O/fast green stain and immunohistochemistry staining of β-
galactosidase in lumbar tissue of mice following exposure to whole-body vibration as 
a model of disc degeneration.  
 
A. Representative images of IVDs stained by Safranin O enabling visualization of 
proteoglycans and fast green as a counterstain demonstrate the induction of degeneration 
in mice exposed to WBV compared to non-vibrated sham control mice. B. Representative 
images of the immunolocalization of β-galactosidase (green) with DAPI (nuclear, blue) at 
100x magnification (top) and 200x magnification (bottom) demonstrate that all cells of 
the NP in both sham and vibrated mice were β-galactosidase positive. Scale bar = 250µm. 
Box outlines the NP region. Species-specific isotype IgG controls were used to assess 
antibody specificity.  
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Figure 5: Percent of notochord-derived cells in the nucleus pulposus of mice in the 
injury-induced model of degeneration 
 
An unpaired parametric t-test with Welch’s correction was performed to compare the 
number of β-galactosidase positive cells per disc, averaged per mouse, then averaged per 
cohort (sham n=4, vib n=5). The sham cohort had 99.5 ± 0.3 % NP cells positive for β-
galactosidase while the vibrated cohort had 99.6 ± 0.3 % NP cells positive for β-
galactosidase. There was no significant difference between the sham and vibrated cohorts 
in the injury-induced model of degeneration (p = 0.7). 
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Figure 6: Histological examination of lumbar IVDs of mice following exposure to 
whole-body vibration as a model of disc degeneration.  
 
A. Representative images of IVD tissues stained by safranin O/fast green from 12-month 
old mice, or by hematoxylin and eosin from 21-month old mice show disc degeneration 
at both time points.	  (Modified from McCann, S-- lab.)  B. Representative images showing 
the immunolocalization of β-galactosidase (green) with DAPI (nuclear, blue) demonstrate 
that not all cells of the NP in 12-month mice were β-galactosidase positive, but all cells 
of the NP in 21-month mice were β-galactosidase positive. Scale bars = 100µm. Box 
outlines the NP region. Species-specific isotype IgG controls were used to assess 
antibody specificity.  	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Figure 7: Percent of notochord-derived cells in the nucleus pulposus of mice in the 
age-induced model of degeneration 
 
An unpaired parametric t-test with Welch’s correction was performed to compare the 
number of β-galactosidase positive cells per disc, averaged per mouse, then averaged per 
cohort (12-months n=4, 21-months n=3). 12-month old mice had 91.2 ± 2.2 % NP cells 
positive for β-galactosidase; the 21-month old mice had 100.0 ± 0.0 % NP cells positive 
for β-galactosidase. There was a significant difference between the 12- and 21-month 
cohorts in the age-induced model of degeneration (p = 0.03).  
 
 
*!
